Introduction {#Sec1}
============

Extracellular matrices (ECM) not only serve a structural function providing support and strength to cells within tissues, but also determine critical cellular functions through cell-matrix interactions (Bruckner [@CR5]). The unique architecture and characteristics of tissues and organs are determined by the ECM and the cells that produce it. ECM proteins can be classified into four general categories: collagens, structural glycoproteins, proteoglycans, and elastins (Tsang et al. [@CR56]). In the dermis, heterotypic collagen fibrils containing mainly collagens I, III, and V are the major structural components responsible for its characteristic strength and resilience. Cell adhesion to ECM proteins through physical association with integrins is associated with intracellular signaling events and is critical for successful tissue regeneration (Grzesiak et al. [@CR14]). Mechanical force increases the gene expression for collagen I and III in cycle-stretched cells obtained from ligament, such as anterior cruciate ligament cells (Kim et al. [@CR25]) and bone-marrow-derived mesenchymal stroma cells (Zhang et al. [@CR68]). ECM also plays important functional roles in interacting with numerous growth factors and signaling molecules to regulate cellular events such as cell adhesion, proliferation, migration, survival, and differentiation. Collagens are triple helical proteins that confer compressive and tensile strength to animal tissues and serve as anchors for cell adhesion through surface receptors.

Eggshell membrane (ESM), a functional equivalent of ECM in avian egg during development, is a double-layered insoluble sheet located between the eggshell and egg white and acts as a scaffold for biomineralization to fabricate the egg shell (Rose and Hincke [@CR45]). The membrane is formed in the isthmus of the oviduct of the hen before shell mineralization and egg laying (Rose and Hincke [@CR45]). ESM has a fibrous network mainly comprised of type I, V, and X collagens, glucosamine, desmosin, and hyaluronic acid (Ha et al. [@CR15]; Osuoji [@CR40]; Wong et al. [@CR65]) and is cross-linked by lysyl oxidase (Harris et al. [@CR16]). ESM also has antibacterial and antimicrobial activities to resist bacterial invasion (Ahlborn and Sheldon [@CR1]) and thereby protect the developing embryo (Burley and Vadehra [@CR6]). Recently, ESM-containing cosmetics and supplements have come onto the market worldwide, based on the evidence from traditional folk medicine in Asian countries. For more than four hundred years, ESM has been used to cure injuries, and the prescription appears in the pharmacopoeia of Chinese medicine, Bencao Gangmu. In Japan, Sumo wrestlers use ESM as a natural medicine for injuries. All this evidence suggests that ESM promotes wound healing. However, no molecular mechanism has been studied yet. Wound healing is a four-step sequential event including hemostasis, inflammation, proliferation, and remodeling (Diegelmann and Evans [@CR10]). During these processes, tissue disruption has to be repaired and filled by ECM molecules (e.g., mainly collagen) deposited by dermal fibroblast cells.

In this study, we have aimed to construct a model system for the evaluation of ESM function on dermal fibroblast adhesion and the production of ECM components in vitro. Recently, the construction and modification of biomimetic surfaces has been targeted to support tissue-specific cell functions including adhesion, growth, differentiation, motility, and the expression of tissue-specific genes (von der Mark et al. [@CR59]). We have used a novel artificial cell membrane biointerface, viz., a poly(2-methacryloyloxyethyl phosphorylcholine \[MPC\]-*co*-*n*-butyl methacrylate \[BMA\]-*co*-*p*-nitrophenyloxycarbonyl poly(oxyethylene) methacrylate \[MEONP\]) (PMBN; Konno et al. [@CR26]) to immobilize alkaline water-miscible organic-solvent-hydrolyzed soluble eggshell membrane (ASESM) molecules. Phosphorylcholine group in the PMBN provides excellent biointerfaces, and these interfaces facilitate the suppression of nonspecific protein adsorption and stabilization of immobilized biomolecules (Watanabe and Ishihara [@CR62]). BMA unit is hydrophobic polymer backbone, which can cover on the surface of substrates such as polystyrene tissue culture dish. MEONP unit contains active ester groups for the conjugation of the amino group of biomolecules via oxyethylene chain (Konno et al. [@CR26]). Although accelerated cell growth of fibroblasts has been observed on an acid oxidized-pepsin digested ESM crosslinked to pepsin-solubilized collagen coat (Ino et al. [@CR17]), our system has a unique advantage for the analysis of the molecular mechanism of ESM-fibroblast interaction. Since cells do not adhere at all to the conventional MPC polymer itself, unlike to collagen-coated dishes or polystyrene cell culture dishes, any specific and direct effects of ASESM molecules on fibroblast adhesion can be tested.

Materials and methods {#Sec2}
=====================

ASESM molecules {#Sec3}
---------------

ASESM, which is hydrolyzed ESM digested in alkaline water-miscible organic solvent (EM PROTEIN-P), was purchased from Q.P. (Tokyo, Japan).

Microscopic ESM observation {#Sec4}
---------------------------

Avian ESM was removed from eggshell, washed with water, and placed on the slide glass. The surface of the membrane was observed by means of a TCS-SP5 confocal microscope (Leica microsystems, Wetzlar, Germany) with a 488 argon laser.

Atomic force microscopy {#Sec5}
-----------------------

The pyramidal-shaped silicon probe (OMCL-TR400PSA-1, 0.08 N/m) for atomic force microscopy (AFM) was purchased from Olympus (Tokyo, Japan). An MPC polymer such as PMBN was coated onto mica and dried. The mica was placed in a 12-well plate, and then 1 mg/ml or 30 mg/ml ASESM was conjugated to it. AFM images of ASESM-conjugated PMBN and non-conjugated control PMBN on mica were taken by using a Nanowizard II (JPK Instruments, Berlin, Germany) in intermittent contact mode in liquid.

Molecular weight estimation of ASESM proteins by size-exclusion chromatography {#Sec6}
------------------------------------------------------------------------------

The molecular weight of ASESM proteins was estimated by size-exclusion chromatography on a Superose 6 HR 10/30 1.0 cm × 30 cm size-exclusion column (GE Healthcare, USA) by using high performance liquid chromatography (Waters 640) with the following mobile phase: phosphate-buffered saline (PBS: 137 mM NaCl, 8.1 mM Na~2~HPO~4~·12 H~2~O, 2.68 mM KCl, 1.47 mM KH~2~PO~4~), at a flow rate of 0.3 ml/min. Thyroglobulin (670 kDa), γ-globulin (158 kDa), ovalbumin (44 kDa), myoglobin (17 kDa), and Vitamin B~12~ (1.35 kDa) in a gel-filtration standard (BioRad) were used to calibrate the column.

Cell culture {#Sec7}
------------

Human dermal fibroblasts (HDF) derived from infant skin were isolated as described previously (Aiba-Kojima et al. [@CR2]). HDF were cultured with Dulbecco's modified Eagle's medium (Wako Pure Chemical Industries) containing 10% fetal bovine serum (Sigma-Aldrich), 0.1 mg/ml Kanamycin sulfate (Meiji Seika Kaisha), and a penicillin-streptomycin-neomycin (PSN) antibiotic mixture (1×; Gibco). HDF of passage number 8 were used in this study.

Synthesis of the PMBN {#Sec8}
---------------------

Methods for preparing PMBN were as previously described by Konno et al. ([@CR26]).

Dish coating {#Sec9}
------------

Polystyrene tissue culture (TC) dishes (35 mm; Falcon 353001, BD Biosciences) were coated with 0.2% PMBN, dried in an ethanol atmosphere, coated with 1 ml of various concentrations of ASESM (0, 1, 5, 10, 30, 100 mg/ml Milli-Q ultrapure water; Millipore) at 4°C for 24 h, and then washed with PBS several times. Unreacted active ester units were blocked with 100 mg/ml glycine at room temperature for 2 h. Before cells were inoculated, the dishes were washed again with PBS. For control non-conjugated PMBN experiments, the active ester units in the PMBN coated surface were inactivated with glycine. PMBN dishes blocked with glycine were prepared. As another control experiment, collagen-coated dishes were prepared as follows: a TC dish was treated with 0.3 mg/ml collagen (from calf skin; Sigma, C9791) in hydrochloric acid solution (pH 3.0) for 5 min, air-dried, and rinsed with PBS. Cells were observed with an inverted microscope (Zeiss), and images were captured by a charge-coupled device camera (Orca, Hamamatsu, Japan). The brightness and contrast of images were adjusted by Adobe Photoshop Elements v. 6.0.

Quntitative gene expression analysis of HDF with or without ASESM {#Sec10}
-----------------------------------------------------------------

Total RNA from HDF cultured for 24 h was extracted by means of the High Pure RNA Isolation Kit (Roche Applied Science, Mannheim, Germany) according to the manufacturer's protocol. First-strand cDNA was synthesized by using PrimeScript RT reagent kit (Perfect Real Time; Takara Bio). The primer and probe oligonucleotides for targeting human genes were designed by utilizing the Universal ProbeLibrary Assay Design Center (Roche Applied Science). All oligonucleotides were obtained from Nihon gene research laboratories (Sendai, Japan). Amplification of the housekeeping gene glyceraldehyde-3-phosphate dehydrogenase (GAPDH) mRNA, which served as a normalization standard, was carried out with GAPDH primers 5′-AGCCACATCGCTCAGACAC-3′ (sense) and 5′-GCCCAATACGACCAAATCC-3′ (anti-sense). The gene-specific primers for COL3A1 were 5′-GGACCTCCTGGTGCTATAGGT-3′ (sense) and 5′-CGGGTCTACCTGATTCTCCAT-3′ (anti-sense), for COL1A1 were 5′-GGGATTCCCTGGACCTAAAG-3′ (sense) and 5′-GGAACACCTCGCTCTCCA-3′ (anti-sense), for matrix metalloproteinase 2 (MMP2) were 5′-GAGGTAATCTTAGGTGCTTACCTAGC-3′ (sense) and 5′-CTTCAGCACAAACAGGTTGC-3′ (anti-sense), for metalloproteinase 3 (MMP3) were 5′-CAAAACATATTTCTTTGTAGAGGACAA-3′ (sense) and 5′-TTCAGCTATTTGCTTGGGAAA-3′ (anti-sense), for hyaluronan synthetase 2 (HAS2) were 5′-CTCCGGGACCACACAGAC-3′ (sense) and 5′-TCAGGATACATAGAAACCTCTCACA-3′ (anti-sense), for elastin were 5′-CACTGGGGTATCCCATCAAG-3′ (sense) and 5′-GTGGTGTAGGGCAGTCCATAG-3′ (anti-sense), for decorin were 5′-GGAGACTTTAAGAACCTGAAGAACC-3′ (sense) and 5′-CGTTCCAACTTCACCAAAGG-3′ (anti-sense), and for biglycan were 5′-CAGCCCGCCAACTAGTCA-3′ (sense) and 5′-GGCCAGCAGAGACACGAG-3′ (anti-sense).

For the quantitative real-time polymerase chain reaction (PCR) analysis, an aliquot of 1 μl cDNA (25 ng total RNA equivalent) was added to 19 μl of the reaction mixture containing 1× Taqman Universal PCR Master Mix (Applied Biosystems), 900 nM forward/reverse primer, and 250 nM Universal ProbeLibrary probe (Roche). Standard GAPDH-based real-time PCR was performed by using the Applied Biosystems 7500 Fast Real-Time PCR System, and the following PCR cycle was employed: initial denaturation at 95°C for 20 s and then 40 cycles of amplification (denaturing at 95°C for 3 s and annealing and polymerization at 60°C for 30 s).

To analyze the ASESM dose-dependency of the ECM-related gene expression pattern, trendlines were calculated and added by Microsoft Office Excel 2007. The best line type was chosen from five different trends (linear approximation, power approximation, exponential approximation, log approximation, polynomial approximation), so that its R-squared value was at or near 1.

Immunofluorescence of HDF {#Sec11}
-------------------------

Cells were cultured on cover glasses (22 mm × 22 mm, 0.12-0.17 mm thick, Matsunami Glass) in a 35-mm TC dish for 24 h. Cells were briefly washed with PBS and fixed at room temperature in Fix1 (4% paraformaldehyde, 2 mM MgCl~2~, and 2 mM EGTA in PBS) for 10 min. The cells were then washed several times with PBS and permeabilized with Fix2 (0.03% Triton X-100 in Fix1) for 10 min at room temperature. Fixed cells were washed several times with PBS and blocked in PBS containing 1% (w/v) bovine serum albumin and 0.02% sodium azide. Cells were incubated with goat polyclonal anti-procollagen type I antibody (SC-8783, Santa Cruz) overnight at 4°C, washed with PBS, followed by incubation with DyLight-488-conjugated anti-goat IgG (H&L) antibody (Rockland Immunochemicals for Research) for 1 h at room temperature. Images were taken by using a TCS-SP5 confocal microscope (Leica microsystems, Wetzlar, Germany). The brightness and contrast of images were adjusted by Adobe Photoshop Elements v. 6.0.

Particle-exclusion assay {#Sec12}
------------------------

To visualize the highly hydrated pericellular matrix around adhered HDF, the fluorescent version of the particle-exclusion assay using fixed sheep erythrocytes was performed. HDF (1.5×10^4^ cells/well) was inoculated into 24-well EZVIEW Glass Bottom Culture Plates LB (ASAHI Glass). After 24 h, WGA (wheat germ agglutinin) Alexa Fluor 488 conjugate (W11261, Molecular probes) at 5 mg/ml in PBS was added to the culture plate for plasma membrane staining, incubated for 10 min at 37°C, and then washed off with PBS. Fixed sheep erythrocytes (5×10^7^; Inter-Cell Technologies) were reconstituted and pre-stained with Alexa-488-WGA in PBS, and then excess fluorescent reagent was washed out. Membrane-stained erythrocytes were added to the culture plate, and the cells were visualized with a LSM510 meta confocal microscope (Zeiss).

To estimate the size of the pericellular coat, the distance between the cell outline and the erythrocyte particle was measured (Simpson et al. [@CR51]) by the LSM image browser (Zeiss).

Results {#Sec13}
=======

Physical property of ASESM conjugated to PMBN {#Sec14}
---------------------------------------------

The fibril meshwork of the natural avian ESM was observed by confocal microscopy (Fig. [1](#Fig1){ref-type="fig"}a). ESM is not a water-soluble material, because it is composed of highly cross-linked ECM molecules. Although commercially available ASESM powder is easy to dissolve to at least 40% (w/v) in ultra-pure water at room temperature, undigested and/or re-assembled fibril structure is postulated to remain in the ASESM because of its highly complex fibril architecture (Fig. [1](#Fig1){ref-type="fig"}a). The relative molecular weight of ASESM was analyzed by gel filtration, and its main mass was found to be about 12--14 kDa (Fig. [1](#Fig1){ref-type="fig"}b). Newly designed ASESM-PMBN was prepared by covalent bond formation between ASESM proteins and PMBN, which has active ester groups (Konno et al. [@CR26]). AFM analysis of ASESM-PMBN applied to mica showed a distinct fiber-like structure when 30 mg/ml ASESM was used for PMBN conjugation (Fig. [1](#Fig1){ref-type="fig"}e) but at not the lower concentration of ASESM (1 mg/ml; Fig. [1](#Fig1){ref-type="fig"}d). As a control, PMBN alone did not give any detectable structure (Fig. [1](#Fig1){ref-type="fig"}c). The typical 67-nm banding pattern of collagen fibrils was not observed in ASESM-PMBN, which is consistent with the result for ESM reported by Wong et al. ([@CR65]). ESM is a double-layered fibrous membrane consisting of cross-linked ECM proteins and is formed by lysyl oxidase secreted by the cells inside the hen oviduct during egg formation (Harris et al. [@CR16]). A detailed structural analysis of ASESM fibrils on PMBN will be interesting, because this newly prepared biointerface provides a natural nano-scale fibrous scaffold for HDF as described below. Fig. 1**a** Microscopical image of eggshell membrane (ESM). *Bar* 100 μm. **b** Distribution of molecular weight of alkaline water-miscible organic-solvent-hydrolyzed soluble eggshell membrane (ASESM) molecules as estimated by size-exclusion chromatography. Five molecular weight protein standards are indicated *above* the chart corresponding to the respective elution time. **c--e** Fibril structures forming when 30 mg/ml ASESM is conjugated to PMBN \[poly(2-methacryloyloxyethyl phosphorylcholine-*co*-*n*-butyl methacrylate-*co*-*p*-nitrophenyloxycarbonyl poly(oxyethylene) methacrylate)\]. AFM images when 0 mg/ml (**c**), 1 mg/ml (**d**), or 30 mg/ml (**e**) ASESM is conjugated to PMBN on mica. Full color range corresponds to a vertical scale of 4.6--15.7 nm

Adhesion of HDF to ASESM conjugated to PMBN {#Sec15}
-------------------------------------------

HDF adhesion to ASESM was initially tested in a plane TC dish. Either with or without ASESM pre-coating, cells adhered to the dish with no detectable difference (data not shown). To obtain a dish surface to which HDF adhered only when ASESM was present, a cytiocompatible MPC polymer bearing active ester units, PMBN (Konno et al. [@CR26]) was used, which can immobilize biomolecules (e.g., proteins, polysaccharides, and DNA) via covalent bond formation between the amino groups of target biomolecules and active ester units in the polymer under mild conditions. First, PMBN was coated onto a TC dish, and then various concentrations of ASESM (0, 1, 5, 10, 30, 100 mg/ml) were applied for conjugation (Fig. [2](#Fig2){ref-type="fig"}a-f). Non-reacted active ester groups in the PMBN were blocked by incubation with glycine, and then the dishes were washed with PBS before 8×10^4^ HDF were seeded into them. After 24 h, cells were observed under the inverted microscope. We found that HDF had adhered to the ASESM-PMBN dishes (Fig. [2](#Fig2){ref-type="fig"}b-f) specifically, as compared with control glycine-conjugated PMBN dishes without ASESM (Fig. [2](#Fig2){ref-type="fig"}a). When more than 30 mg/ml ASESM was used for conjugation with the PMBN, the cell culture became semiconfluent (Fig. [2](#Fig2){ref-type="fig"}e, f), as in the dishes coated with type I collagen (Fig. [2](#Fig2){ref-type="fig"}g) and in untreated TC dishes (Fig. [2](#Fig2){ref-type="fig"}h). Interestingly, the mode of cell adhesion was ASESM dose-dependent when used with PMBN conjugation (Fig. [2](#Fig2){ref-type="fig"}b-f), but not with respect to the number of the cells inoculated. Notably, cells were relatively round and seemed not to be fully attached to the matrix formed by the lower does of ASESM (1 mg, 5 mg/ml ASESM-PMBN in Fig. [2](#Fig2){ref-type="fig"}b, c, i). However, on the ASESM scaffold in which higher doses of ASESM were conjugated to the PMBN, the cells were extended and flat (Fig. [2](#Fig2){ref-type="fig"}f, k, n, p), similar to the cells on control TC/collagen-coated dishes (Fig. [2](#Fig2){ref-type="fig"}h, l, m, o), and fully adhered to the matrix regardless of the cell density on the ASESM surface (adjusted by number of cells seeded). The morphology of HDF on ASESM at 10 mg/ml (Fig. [2](#Fig2){ref-type="fig"}j) showed an intermediate structure between the cells on ASESM at 5 mg/ml (Fig. [2](#Fig2){ref-type="fig"}i) and ASESM at 100 mg/ml (Fig. [2](#Fig2){ref-type="fig"}k) /control TC dish (Fig. [2](#Fig2){ref-type="fig"}l). These different cell adhesion modes, which various doses of ASESM were used for PMBN conjugation, may reflect the surface structure (fibril plus or minus) as observed in AFM analysis (Fig. [1](#Fig1){ref-type="fig"}d, e). Fig. 2HDF adheres preferentially to ASESM fibril structure, and the mode of HDF adhesion is controlled by the ASESM dose, which affects the fibril structure on PMBN, but not by the population of the cells. **a--h** HDF at 8×10^4^ cells/dish were grown on 0 mg/ml (**a**), 1 mg/ml (**b**), 5 mg/ml (**c**), 10 mg/ml (**d**), 30 mg/ml (**e**), or 100 mg/ml (**f**) ASESM conjugated to PMBN as a matrix, on a collagen matrix (**g**), or on a control (directly on tissue culture \[TC\] dish) surface (**h**). *Bars* 100 μm. **i**, **j** Representative cells in **c**, **d** (*arrowheads*), respectively, at higher magnification. **k**, **l***Dotted boxes* with *arrowhead* in **f**, **h**, respectively, at higher magnification. *Bars* 20 μm. **m**, **n** HDF at 1×10^3^ cells/dish were grown on a control collagen matrix) or on 100 mg/ml ASESM conjugated to PMBN, respectively. *Bars* 100 μm. **o**, **p** Representative cells in **m**, **n** (*arrowheads*), respectively, at higher magnification. *Bars* 20 μm

ECM-related gene expression of HDF on ASESM conjugated to PMBN {#Sec16}
--------------------------------------------------------------

Expression of the major ECM-related genes from HDF attached to different doses of the ASESM-conjugated matrix was examined by a standard quantitative real-time PCR protocol, and the gene expression pattern as a function of ASESM dose was analyzed by a curve fitting method (Fig. [3](#Fig3){ref-type="fig"}). The gene expression pattern of type III collagen (Fig. [3](#Fig3){ref-type="fig"}a), decorin (Fig. [3](#Fig3){ref-type="fig"}g), and MMP2 (also known as gelatinase A, Fig. [3](#Fig3){ref-type="fig"}e) at the various doses of ASESM was fitted with a power approximation curve, unlike the other genes: type I collagen (Fig. [3](#Fig3){ref-type="fig"}b), elastin (Fig. [3](#Fig3){ref-type="fig"}c), MMP3 (Fig. [3](#Fig3){ref-type="fig"}d), biglycan (Fig. [3](#Fig3){ref-type="fig"}h), and HAS2 (Fig. [3](#Fig3){ref-type="fig"}f). Interestingly, at the lower doses of ASESM conjugated to the MPC surface (1 mg/ml ASESM, the leftmost graph in each individual gene set in Fig. [3](#Fig3){ref-type="fig"}), the mRNA expression level of type III (Fig. [3](#Fig3){ref-type="fig"}a) but not type I collagen (Fig. [3](#Fig3){ref-type="fig"}b), MMP2 (Fig. [3](#Fig3){ref-type="fig"}e), and decorin (one of the proteoglycans that contains one chondroitin/dermatan sulfate GAG side-chain, Fig. [3](#Fig3){ref-type="fig"}g) was markedly increased by more than two-fold compared with control TC or collagen-coated dishes (Fig. [3](#Fig3){ref-type="fig"}a, e, g, inset). Other ECM-related genes such as type I collagen (Fig. [3](#Fig3){ref-type="fig"}b), elastin (Fig. [3](#Fig3){ref-type="fig"}c), MMP3/stromelysin-1 (Fig. [3](#Fig3){ref-type="fig"}d), and biglycan (Fig. [3](#Fig3){ref-type="fig"}h) showed similar mRNA expression levels as the control, with no ASESM dose-dependency. Expression of another ECM constituent, HAS2, which has a high molecular weight with unbranched polysaccharide extruded to the extracellular space, increased about three-fold depending on ASESM dose but was the same level as control (Fig. [3](#Fig3){ref-type="fig"}f). From these mRNA expression analyses, type III collagen, MMP2, HAS2, and decorin were found to be direct/indirect-response genes of HDF by ASESM proteins. Further study (e.g,. time-course of gene and protein expression and identification of the related growth factors/cell signaling mechanism) will clarify the ASESM/ESM function toward HDF. Fig. 3Relative gene expressions of HDF on various amounts of ASESM (1, 5, 10, 30, 100 mg/ml) conjugated to PMBN as normalized with glyceraldehyde-3-phosphate dehydrogenase: type III collagen (COL3; **a**), COL1 (**b**), elastin (**c**), matrix metalloproteinase (MMP3; **d**), MMP2 (**e**), hyaluronan synthetase 2 (**f**), decorin (**g**), and biglycan (**h**). The assay was carried out on triplicate samples with 500 ng total RNA recovered from each dish. The data are presented as means ± SD (*arb. units* arbitrary units). The fitted curves are as described. *Insets* Relative gene expressions in HDF on either dishes coated with type I collagen (*COL*) or untreated tissue culture dishes (*TC*). Horizontal axis in each graph represents various concentrations of ASESM conjugated to PMBN (mg/ml)

Visualization of ECM proteins and glycosaminoglycan in HDF: type I collagen and pericellular ECM {#Sec17}
------------------------------------------------------------------------------------------------

We also analyzed the ECM-related gene expression at the cellular level with or without ASESM in HDF by antibody detection of type I collagen and by particle-exclusion assay for detecting the highly hydrated ECM at the pericellular space (Fig. [4](#Fig4){ref-type="fig"}). HDF were grown on an ASESM surface (Fig. [4](#Fig4){ref-type="fig"}c, d), on a surface coated with type I collagen (Fig. [4](#Fig4){ref-type="fig"}b), or on glass (Fig. [4](#Fig4){ref-type="fig"}a) and fixed. Indirect immunofluorescence detection of procollagen type I was performed. The antibody recognizes the procollagen in the endoplasmic reticulum. The localization pattern was similar between the cells on the type I collagen coat (Fig. [4](#Fig4){ref-type="fig"}b) and on higher doses of the ASESM conjugated surface (Fig. [4](#Fig4){ref-type="fig"}c, d) consistent with the result as shown in Fig. [2](#Fig2){ref-type="fig"}o, p. Fig. 4Visualization of type I collagen protein and particle-exclusion assay on HDF. Cells were grown on glass (**a**), a collagen coat (**b**), 30 mg/ml ASESM-PMBN coat (**c**), or 100 mg/ml ASESM-PMBN coat (**d**). *Bar* 20 μm. Highly hydrated ECM-related glycosaminoglycan coat around HDF grown on glass (**e**), or on 1 mg/ml (**f**), 10 mg/ml (**g**), or 100 mg/ml (**h**) ASESM-PMBN coat. *Bars* 20 μm

ECM-related glycosaminoglycan (GAG), such as decorin and hyaluronan (gene product of HAS2), is responsible for various cellular function including adhesion and wound healing (Laurent and Fraser [@CR29]). GAG is a highly hydrophilic molecule that exists on the cell surface and binds a large amount of water around the cell. Visualization of such a pericellular coat can be achieved by the reported particle-exclusion assays on fixed erythrocytes for hyaluronan detection (Itano et al. [@CR19]; Fig. [4](#Fig4){ref-type="fig"}e-h). The distance from the cell surface to the excluded area is similar between low and high doses of ASESM. Although the HAS2 expression was relatively low for HDF on lower dose of ASESM surface (Fig. [3](#Fig3){ref-type="fig"}f), HDF appeared to secrete similar amounts of pericellular coat as on other culture surfaces. A relatively clear exclusion pattern was seen for the cells on a lower dose of ASESM surface (Fig. [4](#Fig4){ref-type="fig"}f). This might be correlated to the higher decorin mRNA expression (Fig. [3](#Fig3){ref-type="fig"}g), and/or the distinct motility of the cells (Evanko et al. [@CR13]) might responsible for this observation as previously described in Fig. [3](#Fig3){ref-type="fig"}. The distance from cell surface to excluded area is not different between low and high doses of ASESM. These data show that HDF on the ASESM surface secrete a pericellular coat, including hyaluronan, as on other culture surfaces.

Discussion {#Sec18}
==========

We have developed a new in vitro system to study ESM function with respect to HDF adhesion by applying the PMBN. ESM is a readily available natural biomaterial everywhere in the world and can be used in the biomedical, nutritional, and cosmetic fields. The membrane is a highly cross-linked meshwork mainly consisting of ECM molecules such as collagens, proteoglycans, and GAG. A commercially available, alkaline-hydrolyzed version of ESM, ASESM, has been used in this study. Based on AFM analysis, ASESM has been found to adopt a distinct fibril structure compared with the original ESM, either because hydrolysis-tolerating fibers remain and/or hydrolyzed ECM are reassembled de novo on PMBN. An analysis of this assembly process will be interesting from two different viewpoints: (1) in order to understand the HDF adhesion mode and to develop a new biointerface by using ESM and thereby providing different cell adhesion and gene expression properties, and (2) in order to understand an as yet unknown eggshell/shell membrane formation mechanism inside the oviduct of the hen, a mechanism expected to provide hints for designing new biomaterials.

In this study, specific dish surface ASESM conjugated to PMBN was prepared and tested for HDF adhesion. Cells adhere to ASESM on PMBN specifically (Fig. [5](#Fig5){ref-type="fig"}b, c) but not to glycine-blocked PMBN (Fig. [5](#Fig5){ref-type="fig"}a), and ECM genes are expressed. The most notable finding from our study is that ECM gene expression is significantly altered simply by the cell density and microenvironment of the cells and suggests the following two important points: first, the specific dish surface of ASESM conjugated to PMBN provides a useful in vitro experimental culture system mimicking the actual cell environment inside our living human body; second, the present study provides the first mechanistic insight into the reason that ESM encourages scarless wound healing, as has been known for many years in Asian countries. Fig. 5Characteristic features of the ASESM-PMBN system. **a** Without ASESM, cells do not adhere to PMBN. **b** Low dose of ASESM conjugated to PMBN provides early wound healing model. **c** High dose of ASESM conjugated to PMBN provides a more stretched and rigid environment

Fibroblasts are generally and widely used cultured cells in the field of biological sciences and almost all reported experiments are performed under confluent cell conditions with no thoughts of the in vivo situation. If we look at any of the histological images from tissue sections or the in vivo images of dermis, tendon, and joints in our body, we can readily notice that fibroblasts are dispersed and not "confluent". In spite of the importance of ECM, few studies have investigated tissue origin-dependent cell-ECM interactions or cell-cell interactions in vivo. To visualize such interactions, a histological approach is commonly used, but the dynamic response of the cells to the environments and the modulation of the cytoskeleton and ECM cannot be studied. In the case of recently developed induced pluripotent stem cells (iPS; Takahashi and Yamanaka [@CR53]), robust and intensive studies have been performed world-wide, and a quick shift from basic research to practical applications has been brought about, because such investigations are based on an easily controllable, in vitro cell culture technology. With in vitro systems, cells that survive in various regions of the body (tissue) can be analyzed not only under various nutritional factor conditions, but also with regard to the stiffness of their substrate (Discher et al. [@CR11]). Three-dimensional culture systems are certainly more preferable than two-dimensional systems, because they more closely resemble in vivo conditions, and the mechanical character of ECM and the change of gene expression induced by an environmental cue can be detected (von der Mark et al. [@CR59]). However, complex three-dimensional systems are not always necessary for the direct analysis of the cells responding to a specific biomaterial, as described in this study. Gene expression supplies the ECM environment to HDF, and this may partially explain the biomedical function of ESM for the healing of skin injuries (wound healing). Indeed, Rinn et al. ([@CR44]) have demonstrated that dermal fibroblasts are developmentally regulated by particular HOX genes dependent on the different regions in the body. Fibroblasts originating from other skin regions of the body or connective tissues might respond to ASESM differently from those taken from the auricle as used in this study. Our newly developed experimental system might be suitable for investigating site-specific cell response in general. Further studies should clarify the complex biological mechanism regarding the association of HDF and other adhesive cells to ASESM, by adding/subtracting the involved factors in a step-by-step fashion.

We have studied mRNA expression by the quantitative real-time PCR analysis of HDF grown on ASESM. ECM-related genes, which might contribute to maintaining the extracellular environment for healthy dermis, such as those for type III collagen (Vitellaro-Zuccarello et al. [@CR57]), MMP2 (Kahari and Saarialho-Kere [@CR22]), and decorin (Nomura [@CR38]), show a more than two-fold higher expression when cells are grown at a lower dose of ASESM on a surface than when they are cultured on a control dish surface. In the contrast, HAS2 expression is high at a higher dose of ASESM on the surface.

Cutaneous wound healing is a dynamic process that involves the coordinated and sequential deposition of ECM, leading to the formation of a scar. In this study, during the culture of HDF on ASESM for just 24 h, an interesting pattern of gene expression of ECM components including collagen, proteoglycans and hyaluronan and their proteases has been observed, as a function of the applied ASESM quantity. This ASESM dose-dependency seems to be consistent with the temporal expression pattern of ECM molecules during sequential wound healing process. The ECM expression pattern in low-dose ASESM is similar to the early phase, whereas that at a high dose resembles the late phase of wound healing. To analyze the ASESM dose-dependency of ECM-related gene expression patterns, a trendline can be added to the graph by a curve fitting method (Fig. [3](#Fig3){ref-type="fig"}). Type III collagen, decorin, and MMP2 are strongly expressed in the early phase of wound healing. In our study, the expression pattern of these three genes have been fitted into a downward power approximation toward the high ASESM dose, whereas other genes have been fitted by the binomial equation, exponential equation, or log approximation. Interestingly, the ASESM dose-dependent increment of HAS2 mRNA fits an upward exponential equation. Although we have not checked the gene expression at a time point other than 24 h, the level of mRNA expression of these wound-healing-related genes at different ASESM concentrations matches the gene expression during the course of sequential events of cutaneous wound healing in vivo; lower ASESM providing an environment similar to the early steps, and higher ASESM for late steps. Based on our AFM analysis (Fig. [1](#Fig1){ref-type="fig"}c-e), ASESM seems to adopt a distinct fibril structure depending on the concentration of ASESM applied to PMBN for conjugation, either because the hydrolysis-tolerating fibers remain and/or hydrolyzed ECM are reassembled de novo on PMBN.

Since mutations for both type III (Liu et al. [@CR33]) collagen and decorin (Jarvelainen et al. [@CR21]) are not lethal in the mouse, these genes are not essential for survival but are important for providing a soft environment within tissues and play roles in modulating the ECM environment, being responsible for elastic young skin, for human health, and for body maintenance in aged people. The major function of type III collagen is associated with the fibrogenesis of type I collagen (Liu et al. [@CR33]). Type III collagen is a fibrillar forming collagen comprising three alpha-1 (III) chains and is expressed in early embryos and throughout embryogenesis. In the adult, type III collagen is a component of the ECM in a variety of internal organs and skin. Patients with type IV Ehlers--Danlos syndrome, a genetic disorder associated with fragile blood vessels and skin, often carry mutations in the COL3A1 gene encoding for type III procollagen (Kontusaari et al. [@CR27]; Kuivaniemi et al. [@CR28]; Prockop and Kivirikko [@CR42]). Type III collagen is important for the development of skin and the cardiovascular system and for maintaining the normal physiological functions of these organs in adult life (Olsen [@CR39]). In addition, type III collagen is known to be prominent at sites of healing and repair in skin and other tissues (Wu et al. [@CR66]). Type III collagen is the major constituent of early granulation and scar tissue, whereas only a small amount of type I collagen is present in this early phase of healing (Betz et al. [@CR3]; El Sherif et al. [@CR12]). On the other hand, type I collagen is a major fibrous component in connective tissue. During the wound healing process, type I collagen accumulates in granulation tissue (Kanzler et al. [@CR23]). Because the expression of type III collagen is usually greater than the expression of type I collagen during early wound healing, the lower ASESM-PMBN in vitro system might provide an ECM environment similar to that of the early phase of wound healing.

Decorin belongs to the small leucine-rich proteoglycans (SLRPs), which are expected to play important functions in tissue assembly. Danielson et al.([@CR8]) have reported that mice possessing a targeted disruption of the decorin gene are viable but have fragile skin with markedly reduced tensile strength. Since the repair of wound healing is delayed in the decorin-knockout mouse, decorin proteogrican is necessary for the wound healing process (Jarvelainen et al. [@CR21]). In keloid scars seen in deregulated wound healing, decorin expression is downregulated, whereas syndecan-2 and fibroblast growth factor-2 (FGF-2) are upregulated (Mukhopadhyay et al. [@CR37]). In addition, the activation of extracellular signal-regulated kinase-1 (ERK1) and ERK2 and the lower expression of decorin are found in the fibroblasts of the dermal region in keloids (Meenakshi et al. [@CR35]). On the other hand, the overexpression of the decorin gene in human corneal fibroblasts inhibits transforming growth factor-β (TGF-β)-induced fibrosis and myofibroblast formation (Mohan et al. [@CR35]). These reports suggest that decorin has an antifibrotic effect in an aberrant wound healing process leading to keloid scars.

MMPs play a role in various aspects of cutaneous biology and pathology, e.g., in wound repair. MMP2 is expressed in the early phase (7th day) of wound healing (Jansen et al. [@CR20]). MMP2 expression is high in low-dose ASESM in our in vitro system. MMP2 degrades various ECM molecules, such as collagen types I, IV, V, VII, and X, gelatin, fibronectin, tenascin, fibrillin, osteonectin, entactin, aggrecan, vitronectin, and decorin (Kerkela and Saarialho-Kere [@CR24]) and is activated by dermatan sulfate (Isnard et al. [@CR18]). Since dermatan sulfate is reported to be one of the components of ESM (Osuoji [@CR40]), it is also present in our ASESM system and might contributed to MMP2 activation. MMP2 seems to be a key molecule for tissue remodeling, as demonstrated by Tholozan et al. ([@CR55]) who have shown that lens epithelial cells produce several MMPs including MMP2, which releases FGF-2 from the lens capsule. In this system, the recently proposed ECM reservoir hypothesis has been established, because the ECM itself can act as a reservoir for growth and survival factors that are released via the action of various MMPs such as MMP2 (Tholozan et al. [@CR55]). Thus, lower density cell culture on low ASESM might provide a good environment for wound healing without leading to keloid scar formation during tissue regeneration.

In vivo, fibroblast cells are located separated from each other, which differs from the situation for keratinocytes in the epidermis. As described above, collagen type III, decorin, and MMP2 play an important role in wound healing, type I collagen fibrogenesis, and the maintenance and turnover of the ECM environment during skin damage. In this study, sparsely located HDF show an unextended-shape on a low-dose ASESM matrix, whereas the mRNA expression levels of type III collagen, MMP2, and decorin markedly increase more than two-fold compared with those of cells grown on control TC or collagen-coated dishes. The proteins encoded by these ECM genes are key molecules for remodeling of ECM in wounded and developing dermis and contribute to keeping the skin healthy. However, the precise mechanisms of their involvement are largely unknown.

HDF express collagen type III, MMP2, and decorin mRNA at a higher level on a low dose of ASESM, but the levels of collagen type I, elastin, MMP3, and biglycan are not significantly altered. Biglycan belongs to the group of small leucine-rich proteoglycans, as does decorin, and decorates collagen during fibrogenesis (Corsi et al. [@CR7]). Decorin and biglycan expression patterns are reported to be differentially regulated during wound healing. In dermal fibroblast cultures, decorin expression is stimulated by glycyl-histidyl-lysine-Cu^2+^, which is a tripeptide isolated from human plasma and a potent activator of wound healing. In contrast, biglycan expression is not modified (Pickart and Thaler [@CR41]). In addition, the inactivation of the decorin gene by homologous recombination (Danielson et al. [@CR8]; Xu et al. [@CR67]), but not that of biglycan (Simeon et al. [@CR50]), is associated with a fragile skin collagen network. A previous study has also revealed few changes occur with regard to biglycan expression through 1--49 days of the wound healing process in pig (Wang et al. [@CR61]). Thus, we can reasonably conclude that different regulatory mechanism are also involved in the patterns of expression of decorin and biglycan in our system, despite both belonging to the small leucine-rich proteoglycans.

Elastin, which constitutes elastic fibers in the dermis, blood vessel, and lung (Rosenbloom et al. [@CR46]), did not change its expression level related to ASESM quantity in this study. However, a relatively low expression level was observed under lower dose ASESM conditions. A previous study has indicated that elastin expression increases during the early phase of wound healing (Quaglino et al. [@CR43]).Basic fibroblastic growth factor has been reported to be of importance in the regulation of ECM gene expression, such as the decrease of elastin expression (Debelle and Tamburro [@CR9]) but increase of type III collagen and decorin (Li et al. [@CR31]; Tan et al. [@CR54]). Although growth factors/cytokines were not measured in this study, the dose-dependent change of ECM mRNA may well reflect the ECM-cytokine relationship during wound healing described in previous reports.

The expression pattern of MMP3 mRNA at the different ASESM concentrations are a mirror image of the pattern of elastin expression. MMP3 is secreted mainly by macrophages and fibroblast cells (Saarialho-Kere et al. [@CR49]; Welgus et al. [@CR63]; Wilhelm et al. [@CR64]) and digest a broad range of ECM molecules, such as type I collagen, various proteoglycans, and others (ColIII, IV, V, VII, IX, and X, elastin, fibronectin, fibrillin, fibrinogen, gelatin, aggrecan, plasmin, kallikrein, chymase,LN-1, nidogen, vitronectin, osteonectin, decorin; Kerkela and Saarialho-Kere [@CR24]), as substrates. The higher MMP3 mRNA expression either at low ASESM (ASESM at 1, 5, 10 mg/ml) or high ASESM (ASESM at 100 mg/ml) might indicate that ECM turnover is high under these conditions. Delayed and incomplete wound healing is observed in the MMP3-knockout mouse resulting from insufficient myofibroblast migration or differentiation. Therefore, MMP3 function is important for proper wound healing, and our ASESM system provides the necessary environment.

Interestingly, a large difference has been noted in HDF cell shape between low- and high-dose ASESM (Figs. [2](#Fig2){ref-type="fig"}, [5](#Fig5){ref-type="fig"}b, c), suggesting that different actin dynamics and related signal transduction mechanisms are involved in the two states. Hyaluronan expression level seems to change in relation to the cellular and extracellular metabolism and to the immune system through actin dynamics (Boraldi et al. [@CR4]; Stern [@CR52]). Particle-exclusion assay in this study shows water-binding ECM surrounding HDF cells grwon on both low and high dose ASESM. The distance of the water-binding ECM from the cell surface to the excluded erythrocyte is similar between low and high ASESM. This data suggest that HDF on the ASESM surface secretes enough pericellular coat, including GAG-bound proteoglycan and hyaluronan, at a low dose of ASESM and at a high dose of ASESM. The pericellular hyaluronan coat requires TGF-β expression (Simpson et al. [@CR51]). The differentiation of fibroblasts to myofibroblasts during wound healing needs the expression of epidermal growth factor receptor and ERK1/2, and smooth-muscle α-actin, which is a marker of myofibroblasts (Simpson et al. [@CR51]). Type III collagen has an important role in wound healing, because the expression of type III collagen increases early during wound healing processes (Liu et al. [@CR32]). Human fibroblasts with mutations in the COL5A1 and COL3A1 genes do not organize collagens and fibronectin in the ECM, down-regulate α2β1 integrin, and recruit αvβ3 instead of α5β1 integrin (Zoppi et al. [@CR69]). The αvβ3 receptor (vitronectin receptor) and the α5β1 receptor (fibronectin receptor) have been shown to be important in myofibroblast differentiation (Lygoe et al. [@CR34]). Mice deficient in type III collagen have an increased myofibroblast density in the wound granulation tissue, as evidenced by the increased expression of the myofibroblast marker, smooth-muscle α-actin, and wounds in such mice have significantly more scar tissue area compared with that of wild-type mice (Volk et al. [@CR58]). In our study, HDF cultured on the low-dose ASESM environment induce a cytoskeletal rearrangement and change the expression of ECM, especially type III collagen, by affecting the interaction with integrin. We hypothesize that the newly designed PMBN-ASESM biointerface mimicks the microenvironment of both early and late remodeling in the wound healing process.

The inductive mechanism of these highly expressed genes (type III collagen, decorin, and MMP2) in HDF on the low dose of ASESM seems to be related to the cell shape, cellular environment, cell-cell interaction (low or high cell density), and ECM components or its structure. Because the high dose of ASESM does not activate these three genes, regardless of the cell density, we suggest that the particular ECM environment that is mediated by the low ASESM dose plays a pivotal role for the observed cell adhesion mode and therefore affects the gene expression pattern. ASESM, the hydrolyzed material of ESM, might contain the ECM-related molecules and MMPs as regulatory factors. We hypothesize that HDF secrete exactly the same or similar ECM proteins to those of the surrounding ECM, because fibroblasts are known to be responsive to various signals (Discher et al. [@CR11]). Cells express the corresponding genes in response to their surrounding environment and to environmental stimuli (mechanical force or UV stress, etc.). Cells and ECM interact with each other and adapt to their environment. If the environment of the cells is adequate, they can maintain the optimal condition for their survival. Mesenchymal stem cells retain their pluripotency providing that the surrounding environment remains suitable for stem cells.

In this study, the three genes (type III collagen, decorin, and MMP2) that are expressed in younger skin or early wound healing process are highly expressed by HDF on low doses of ASESM. This probably occurs because the required structure pre-exists or is assembled de novo on PMBN.

ESM might contain almost all ECMs and ECM-regulatory gene products that have been evolutionally conserved in avians. Previous studies have shown that ESMs have a fibrous network mainly comprised of type I, V, and X collagen, glucosamine, desmosin, hyaluronic acid (Ha et al. [@CR15]; Osuoji [@CR40]; Wong et al. [@CR65]); because these molecules are cross-linked by lysyl oxidase (Harris et al. [@CR16]), each component in ESMs cannot exist independently. In the low concentration solution (low-dose ASESM), hydrophilic small molecules that are produced by the moderately alkaline hydrolyzed ESM might be assembled in such a manner that a large amount of water surrounds it, thereby creating an ECM environment that mimicks younger skin. In contrast, the high concentration of ASESM (high-dose ASESM) might induce the self-assembly of the ASESM components, such as the more hydrophobic ECM molecules (collagens) that relatively easily exclude water.

Such a self-assembly of macromolecules (ECM-related fibrils) might be involved during embryonic development and wound healing process in the animal body. By using a novel combination of a natural (ESM) and artificial cell membrane interface (PMBN), ECM components in ESM might be able to self-assemble differently and provide a distinct ECM environment depending on the ASESM concentration. Thus, the cells adhere to the respective environment and express the observed ECM components. The ASESM-PMBN system in this study should be applicable in various mechanistic studies of biological processes, such as wound healing, embryonic development, acquisition of tissue specificity, evolution and morphogenesis, at the molecular level.

In conclusion, ASESM has been stably conjugated to PMBN and provides an ECM environment for HDF. ESM also acts as a scaffold for eggshell mineralization and might have properties for capturing various factors and molecules that are necessary for avian embryonic development. Recently, a clinical evaluation of natural ESM has also reported joint and muscle pain relief (Ruff et al. [@CR47], [@CR48]). Although the immobilization of knee joints induces articular contracture associated with sequential changes of disordered ECM alignment, increased collagen glycation with pentosidine, and decreased cell numbers (Lee et al. [@CR30]), the possible in vivo application of ASESM might not only stabilize connective tissues such as joints, but also stimulate ECM production therein. Further study of the ASESM-PMBN system with respect not only to skin wound healing, but also to the treatment of joint pain such as osteoarthritis should be considered, as MPC polymer has been shown to improve the surface grafting of artificial joints dramatically (Moro et al. [@CR36]) and is under clinical trial awaiting biomedical use. In addition, our ASESM-PMBN system provides a rare experimental model for studying a mutually dynamic biological process in vitro: the cell responds to the surrounding microenvironment by secreting an ECM, and vice versa, the environment stimulates the cell.
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